Palaemon elegans is a species of prawn new (since 2000) to the southern Baltic. The aim of this study was to find out whether there are differences in the sizes of individuals and in the reproductive traits of P. elegans inhabiting different areas of the southern Baltic Sea and to compare the data obtained with existing data for populations from other coastal areas. The present study was carried out in the summers of 2005 and 2007 in three areas differing in their hydrological conditions (primarily in salinity): Puck Bay (PB), the Vistula Delta (VD) and the Vistula Lagoon (VL), Poland. The maximum body lengths of these prawns (females = 60 mm, males = 41 mm), and body masses (1201 mg and 533 mg respectively) found in the southern Baltic were less than those reported from many other parts of the geographical range of this species. The increase in body mass with length was the smallest in the prawns inhabiting VL, and the maximum lengths they grew to were also shorter (females -52 mm and males -39 mm) than in PB. The numbers of eggs carried by P. elegans in the southern Baltic were smaller than those found in females in its native regions. Differences were also found in the numbers and sizes of eggs between prawns inhabiting different locations in the southern Baltic. It was concluded that the low salinity of the southern Baltic Sea (even below 7 PSU), while not preventing this prawn from reproducing, caused a shift to the production of fewer but larger eggs. The reproductive strategy that Baltic populations of P. elegans has adopted is one of the factors responsible for its very rapid and large-scale colonization of the southern Baltic Sea.
INTRODUCTION
The rockpool prawn Palaemon elegans, Rathke 1837 is a common species on the Atlantic coasts of Europe and Africa, and also in the Mediterranean and Black Seas (Smaldon 1979 , Başçinar et al. 2002 . Its geographical range includes the Caspian Sea, where the species was accidentally introduced with fish (mullet) in the 1930 s , and the Aral Sea where it was introduced in the 1950 s (Aladin et al. 2001 (Aladin et al. , 2002 . Although it principally inhabits shallow sea waters, it is also found in brackish waters, e.g. lagoons in Sweden and Norway, and bays in the Black Sea (Kobyakova and Dolgopol'skaya 1969, Dolmen et al. 2004 ).
Until recently it was thought that the poor reproductive success of P. elegans in waters of low salinity was sufficient to explain the absence of this species from the central Baltic Sea (Berglund 1985) . However, by the beginning of the 21 st century the species had colonized the southern Baltic (Janas et al. 2004 , Łapińska and Szaniawska 2005 , Grabowski 2006 , Ezhova 2009 ) and is continuing to move eastwards and northwards (Lavikainen and Laine 2004, Daunys and Zettler 2006, Väinola pers. com.) (Fig. 1 ).
As it expands its range within the Baltic, P. elegans is exposed to ever lower salinities -these decrease from 15-20 PSU in the southern Kattegat through 6-8 PSU in the Baltic Proper to 2 PSU at the northern end of Bothnian Bay (Kautsky and Kautsky 2000) . The temperature regime also changes; although the annual temperature amplitude in the entire Baltic varies from 0 to ca 20ºC, the duration of the warm water period and hence the growing season decreases in a northerly direction. In the lagoons and bays of the Baltic Proper, which are colonized by this species in especially large numbers, the salinity may be <5 PSU and the temperature in a warm summer may exceed 26ºC (Chubarenko and Margoński 2008, Radziejewska and Scherenowski 2008, this study) .
Both growth and reproduction place heavy demands on the energy resources of an organism. Consequently, animals inhabiting environments where conditions reach the limit of what they can tolerate with respect, say, to (Berglund 1980 (Berglund , 1985 Dolmen et al. 2004) and Kattegat (Rasmussen 1973) ; observations from the Baltic Proper: German coastal waters (Köhn and Gosselck 1989 , Zettler 2001 , Arkona Basin (Zettler 2003) , coastal waters off Bornholm (Samsel pers. com.), Polish coastal waters (Janas et al. 2004 , Janas 2005 , Łapińska and Szaniawska 2005 , Grabowski 2006 , Russian coastal waters (Ezhova 2009 ), Lithuanian coastal waters (Daunys and Zettler 2006) and Finnish coastal waters (Lavikainen and Laine 2004, Lehtiniemi pers. com., Väinola pers. com.) . salinity and temperature, may respond with retarded development of body mass and/or reduced fecundity (Kinne 1970 (Kinne , 1971 . In some plant and animal species inhabiting the Baltic a reduction in size has been noted in comparison with individuals of the same species inhabiting areas of higher salinity (see the review by Remane and Schlieper 1971) . Although P. elegans is a euryhaline and eurythermic species, the deleterious effects on its survival and osmoregulation of low salinity in combination with low or high temperatures have been demonstrated (Ramirez de Isla Hermendez et al. 1985; Janas and Spicer 2008, 2010; Piłka et al. in preparation) . It may well be, however, that in the Baltic Sea, or at least in a part of it, this non-indigenous species will find conditions sufficiently favourable for its development that neither growth nor reproduction will be inhibited. An example of such adaptation is the round goby Neogobius melanostomus, a non-native fish species in the Gulf of Gdańsk, which has found optimal conditions for development in these waters; indeed, the sizes it has reached here are some of the largest recorded anywhere in the world (Sapota 2005) .
Altered reproductive strategies, such as carrying a greater number of smaller eggs or having fewer eggs of larger volume, are observed in crustaceans, both among species and within a particular species (Kolding and Fenchel 1981, Bilgin and Samsun 2006) . Intraspecific differences in the fecundity of crustaceans are strongly affected by female size (Hines 1982 , Nazari et al. 2003 . Environmental factors that are crucial as regards intraspecific variation in reproductive traits include salinity, food availability, temperature and the presence of toxic substances (e.g. Kinne 1970 Kinne , 1971 Kolding and Fenchel 1981; Conradi and Depledge 1999; Maranhão et al. 2001; Eriksson Wiklund et al. 2008) .
However, little information concerning either the size or the reproductive biology of P. elegans in conditions of reduced salinity is available (Janas 2005, Łapińska and Szaniawska 2005) . Such aspects as the fecundity and the details of egg size and egg development have so far been reported only for populations living in sea water (>15 PSU) (Berglund 1984 (Berglund , 1985 Sanz 1987; Başçinar et al. 2002; Bilgin and Samsun 2006) . Reproductive traits are one of the factors determining whether P. elegans will be successful in its colonization of a new habitat; therefore, they may be decisive with regard to this prawn's further eastward and northward expansion in the Baltic. The question therefore arises, whether and what conditions in the Baltic Sea (e.g. low salinity) affect the size of individuals of P. elegans and their reproductive parameters?
The aims of the study were to find out whether there are differences in size and reproductive traits like egg size, brood size and reproductive investment of P. elegans inhabiting various habitats of the southern Baltic Sea, and additionally, to compare the data obtained with those in the literature regarding P. elegans from other areas of its geographical distribution.
MATERIALS AND METHODS
Prawns were collected in July 2005, and in June/early July 2007 from three areas differing primarily in salinity: Puck Bay (PB), the Vistula Delta (VD) and the Vistula Lagoon (VL), Poland. Four or five sampling stations were chosen in each area: PB (Hel, Jurata, Osłonino, Gdynia); VD -Wisła Śmiała (3 stations) and the Dead Vistula River (1 station); VL (Frombork, Tolkmicko, Kąty Rybackie, Krynica Morska, Piaski) (Figure 2 ). During the study period, the water temperatures were 17.3-22.8ºC (PB), 20.2-22.0ºC (VD) and 21.0-28.0ºC (VL); the respective salinities were 6.5-7.3, 5.0-5.3, and 2.1-4.3 PSU.
Prawns were caught with a hand net (mesh 3 mm), after which they were frozen (each ovigerous female in a separate container). After defrosting at room temperature the whole material was investigated. The endopodite of the second pair of pleopods was used to determine sex (Hayward and Ryland 1996) . In the males this endopodite is cleft and forms the appendix masculina. The total length of each specimen was measured from the tip of the rostrum to the tip of the telson. The wet mass of each specimen was measured with a precision balance (±1 mg). Ovigerous females were weighed without eggs (see below). Fecundity was measured by the number of eggs attached under the abdomen of females collected in 2007. In ovigerous females, the eggs were carefully removed from the pleopods using fine forceps and counted under low power magnification (×10), and the developmental stage of the eggs was recorded. The embryos were separated into five stages as follows (method adapted from Başçinar et al. 2002) : Stage I -eggs slightly oval in shape, filled with a homogeneous, dark green substance; Stage II -eggs dark green in colour; the green substance has come away from the edge of the egg; Stage III -eggs bright green; eyes visible; Stage IV -eggs now pale green; body translucent; Stage V -the larval body is transparent with a brownish tinge, but remains within the egg membrane; the eyes are becoming blacker and rounder. A simplified classification, in which these five stages were reduced to just two groups, was also applied: eyeless eggs (stages I and II) and eyed eggs (stages III -V).
For calculating the egg volume, 20 eggs were sub-sampled, the developmental stage was noted and the eggs measured along the major and minor axes using a binocular dissecting microscope (magnification ×45) accurate to 0.01 mm. The eggs were treated as ellipsoids, and the volume (V) was calculated using the following equation, where r 1 is half the major axis and r 2 half the minor axis. V = 4/3πr 1 r 2
2
(1) Since it was shown that the number of eggs were covariant with female size, and the volume of eggs depended on the stage of their development, a comparative analysis of the numbers of eggs, their average size, the reproductive effort and reproductive output of females inhabiting the various study areas was performed on females in the narrow length class (37-46 mm) and on those carrying eyeless eggs (stages I and II).
The reproductive effort (RE), the total biomass of eggs produced by a female, was calculated as the number of eggs multiplied by the egg volume; assuming that the density of Stage I and II eggs is approximately that of water (1 g cm -3 ), the values of RE are given in mg (Kolding and Fenchel 1981) .
RE = egg number × egg volume (2)
Reproductive output (RO) was calculated using a modified version of the formula given by Clarke et al. (1991) . RO = total mass of egg batch / wet mass of female (3) where the total mass of egg batch = reproductive effort (RE).
Normality was tested using the Shapiro-Wilk test. The significance of differences was tested using one-way ANOVA: they were regarded as significant if P <0.05. When ANOVA revealed a significant difference, the difference between the means of the variables was determined using the post hoc Scheffé test. Data are given as means with standard deviation (±SD). The power function y=ax b was used to describe the relationship between total body mass and length, and between fecundity and body length. For the statistical analysis, both dependent and independent variables were transformed logarithmically to convert them to linear functions (e.g. log y = log a + b log x, where a is the intercept and b is the slope). The significances of the differences between slopes and intercepts were determined by multiple regression (Townend 2002) . All analyses were carried out using the STATISTICA 8 PL program (StatSoft, Poland).
RESULTS
The dimensions of the P. elegans individuals inhabiting the three areas were similar, but there were significant differences between averages of body length and wet mass in both females and males (ANOVA in all four cases P<0.0001) (Fig. 3) . The most pronounced and statistically significant difference was found between individuals collected in PB and VL (post hoc Scheffé, P<0.01). The widest range of variability in individual length (from 23 to 60 mm), but at the same time the lowest average total body length in females, was found in PB (37 ±8 mm; n=336). Greater average total lengths were recorded in VD and VL, the average for both areas being 40 ±5 mm (n=181); the maximum body length in VL was 52 mm. The same tendency was found for wet mass, with the lowest average values in PB (392 ±247 mg; n=264), and the highest (and significantly different) ones in VL (av. 574 ±205 mg; n=82). PB males also displayed the greatest variability in body length (from 19 to 41 mm) and the smallest average length (29 ±4 mm; n=211). Body mass was lowest in PB males (187 ±86 mg; n=211) and highest in VL males (av. 247 ±58 mg; n=90).
The significant correlation between the body mass and total body length of P. elegans was found to be a power function in the three study areas (P<0.0001); the formulae are given in Figure 4 . The increase in length in both female and male P. elegans from VL was accompanied by a smaller increase in body mass. The differences between the slopes and intercepts for the linear relationships between the logarithms of the lengths and masses were statistically significant: in the case of females, only between individuals from PB and VL (P<0.01), and for males among all three areas studied (P<0.001).
There were no statistical differences between the slopes and intercepts of the linear relationships found for (a) and (b) in the three study areas (P>0.05), where (a) is the relationship between the logs of the numbers of eyeless eggs females were carrying and female length and (b) is the relationship between the logs of the numbers of eyed eggs and female length. Therefore, all the data on the numbers of eggs carried by females from one area were combined and the differences between areas tested. It was found that egg numbers (with and without eyes) were significantly correlated with the total body length of ovigerous females in all three areas (P<0.05) and that the relation took the form of a power function (Fig. 5) .
The strongest correlation was found for PB females: in these prawns the length increment was associated with the fastest growth in the number of eggs. Even so, there were no statistically significant differences between the slopes and intercepts of this relationship between PB and VL females. The only statistically significant difference between slopes and intercepts was between PB and VD (P<0.01). The average numbers of eggs carried by females in the three areas were as follows: PB -female length 37-53 mm, 818 ±297 eggs (range: 268 -1534, n=44); VD -female length 38-49 mm, 798 ±221 (range: 510 -1465, n=22); VL -female length 34-46 mm, 597 ±171 (range: 146 -889, n=49). The volume of eggs increased as the eggs developed, a trend observed in all three areas (ANOVA in all three cases P<0.01) ( Table 1 ). There were no statistically significant differences only between stages I and II in all three areas, and between stages IV and V in VD. Comparison of the increase in egg volume with the incubation stage from stage I to IV showed that this increase was the greatest in VL by 58% (up to stage V this figure was 71%), whereas in the Vistula Delta it was no greater than 31%.
There were statistically significant differences in egg volumes between the different areas with respect to the five developmental stages of the eggs (ANOVA, P<0.01), except for stage I (ANOVA, P>0.05) ( Table 1 ). In stage II and IV, egg volumes were the smallest in PB, larger in VD and the largest in VL, these differences were statistically significant. In stage III, the average egg volume was smallest in VD and was statistically significantly different from the values recorded in the other two areas. The volumes of stage V eggs in VL were significantly larger than in VD.
Comparative analysis of the numbers of eggs carried by females 37-46 mm long in all three areas revealed statistically significant differences (ANOVA, P<0.05). The smallest number of eggs was found in VL females (av. 576 ±112; n=15) and was significantly smaller than the numbers found in VD (post hoc Scheffé P<0.05) (Figure 6a ). The average number of eggs was 668 ±255 (n=22) in PB and 823 ±279 (n=9) in VD. Analysis of the volumes of eggs carried by females 37-46 mm long in all three areas also revealed statistically significant differences (ANOVA, P<0.01). The eggs carried by VL females were the largest in volume (0.100 ±0.013 mm 3 ; n=15), and the difference in comparison with PB egg volumes (av. 0.088 ±0.008 mm 3 ; n=22) was statistically significant (post hoc Scheffé P<0.01) (Figure 6b ). Analysis of reproductive effort for the 37-46 mm length class did not show any significant differences among the three areas (ANOVA, P>0.05) ( Figure  6c ). The average reproductive effort for the whole study area was 62 ±23 mg (range: 24 -146 mg; n=46).
There were statistically significant differences between the three areas where reproductive output was concerned (ANOVA, P<0.05). This was least in PB (9.8 ±2.5%; n=22) and differed significantly from that in VD (12.6 ±2.5%; n=9) (post hoc Scheffé P<0.05) (Figure 6d ).
DISCUSSION
The lengths of P. elegans from the Baltic (female up to 60 mm, males up to 41 mm) are somewhat shorter than those recorded in western Europe (Gurney 1923 , Smaldon 1979 , Barnes 1994 and in the Black Sea (males only) (Başçinar et al. 2002 , Bilgin et al. 2009 (Table 2 ). Baltic females grew to the sizes reported in the Black Sea and were even longer than those inhabiting the Table 1 Average egg volume [mm 3 ] ±SD (min.-max.) in the five developmental stages in the three study areas in the southern Baltic Sea. The different capital letters indicate statistically significant differences in average volumes between areas in the various developmental stages; the different small letters in parentheses indicate statistically significant differences between the various stages within the study areas (P<0.05), N = number of eggs examined. Caspian Sea (Azizov and Pyatakova 1988, Abd Almalaki et al. 2003) . Individuals of both sexes of comparable length inhabiting the Mediterranean Sea or the waters off Ireland achieved an up to 60% greater body mass (Sanz 1987 , Fahy et al. 1998 , and those living in the Caspian and Black Seas had body masses even 2-3 times greater than those in the Baltic (Abd Almalaki et al. 2003 , Bilgin et al. 2009 (Figure 7 ). However, a much lower wet mass, similar to that reported in the Baltic population, has also been given for the Black Sea population, which suggests that there may be large intrapopulational differences (Başçinar et al. 2002 , Duran et al. 2006 ). Size at the onset of maturity in females (measured as the minimum size of females carrying eggs), as well as the minimum sexable size in males (the minimum body size of males with developed appendix masculina), are considered key life-history parameters (Anger and Moreira 1998) . The smallest size of ovigerous females and the minimum sexable size in males in the Polish Table 2 Maximum length of P. elegans females and males, size at maturity onset in females, and minimum sexable sizes of males in various regions and different studies. zone of the Baltic is well within the range of those published for P. elegans from other regions (Table 2 ). Smaller males with identifiable sexual characteristics were found in Caspian Sea. Maximum sizes of both females and males collected in VL turned out to be smaller in the Polish coastal zone than in the other two areas, but comparison of average values did not confirm this trend; even the mean dimensions of individuals in VL were larger. Individuals in the eastern VL were also smaller than individuals from the eastern Gulf of Gdańsk (Ezhova 2009 ). Similarly, the body mass increment with increase in body length in P. elegans was slower in VL than in PB. The rates of body mass growth with increasing length in PB were slightly lower than those recorded in 2000-05 (when the slopes in the power regressions were >3) (Janas 2005, Łapińska and Szaniawska 2005) and those found in prawns from the Caspian and Black Seas (Abd Almalaki et al. 2003 , Bilgin et al. 2009 (Figure 7) . In both sexes of P. elegans, the increase in mass with increasing body length was greatest in individuals from the Mediterranean Sea (slope >3.4) (Sanz 1987) .
The reasons why P. elegans in the southern Baltic has a smaller body size may be related to extrinsic factors such as salinity, temperature and the different food available. The most negative effect of the low salinity in the southern Baltic may be on larval growth. According to Charmantier et al. (1988) , the larval stages of decapods are poorer hyperosmoregulators than adults, which could make them much more sensitive to low salinities. Berglund (1985) recorded a very high mortality among larval stages of P. elegans in low salinities. The larvae of this species swim away from the shore out to the open sea after hatching and remain in the plankton during the successive larval stages (Gurney 1923) , even though the salinity of open Baltic waters is no greater than 8 PSU. Low salinities in combination with extreme temperatures can also adversely affect prawns. It has been demonstrated that adults of P. elegans from the Baltic Sea are good hyperosmoregulators in brackish waters (Janas and Spicer 2010) , but also that the osmoregulatory ability weakens at salinities <3 PSU at high (22°C) and low temperatures (2ºC) (Janas and Spicer 2010, Piłka et al. in prep) . Low salinity was cited as the main reason for the smaller size of Crangon crangon in its Baltic Sea populations (Muus 1967) and of bivalves such as Mya arenaria and Mytilus edulis (Robertson 1989, Kautsky and Tendengren 1992) . On the other hand, amphipods Gammarus oceanicus have been shown to compensate for their greater energy requirements at low salinities by increasing their food consumption, as a result of which these crustaceans are no smaller in the Baltic than in other seas Tendengren 1992, Normant and Lamprecht 2006) .
Another reason why P. elegans grows to smaller sizes in the Baltic than in its native regions may be the different composition and quality of the zooplankton -the food eaten by P. elegans larvae -in the former (Başçinar et al. 2002) . Food limitation, on the other hand, seems to be a rather unlikely cause of smaller sizes in these prawns, since during the time when the larvae appear in the zooplankton, their potential prey animals are present in great abundance (Mudrak and Żmijewska 2007) , and the omnivorous adult prawns avail themselves of the plentiful food available in coastal waters (Janas and Barańska 2008) .
Unfortunately, no information is available on the dimensions of the larval forms or juveniles of P. elegans, either in the Baltic or elsewhere. The smallest juveniles found in the benthos of the Gulf of Gdańsk in mid-August were ca 8 mm long (Janas unpubl. obs.) , whereas juveniles caught off the English coast measured about 12 mm (Gurney 1923) . It was noted that young prawns (length ca 20 mm) living in the Baltic had a much smaller body mass than their counterparts living off the Irish coast, or in the Black and Caspian Seas (Fahy et al. 1998 , Abd Almalaki et al. 2003 , Bilgin et al. 2009 (Figure 7 ), even though, as the present study showed, they hatched from very much larger eggs.
In this study the number of eggs was closely related to female length, as found in previous studies on P. elegans (Sanz 1987 , Abd Almalaki et al. 2003 , Bilgin and Samsun 2006 and other caridean shrimps (Anger and Moreira 1998 , Oh and Hartnoll 2004 , Bilgin and Samsun 2006 . The maximum number of eggs carried by P. elegans in the Gulf of Gdańsk is similar to that in females from the Kattegat and Skagerrak, and from the Caspian Sea (Rasmussen 1973 , Berglund 1984 , Abd Almalaki et al. 2003 (Table 3) . On the other hand, much larger numbers of eggs (>2000) were found in the Black and Mediterranean Seas (Sanz 1987, Bilgin and Samsun 2006) .
During incubation, egg volume increased -this is usual among decapods (Wear 1974 , Oh and Hartnoll 2004 , Bilgin and Samsun 2006 . In P. elegans inhabiting VL, where the eggs carried by females were larger than in the other two areas, this increase in volume was 71%. In decapod crustaceans egg volume increased by 60-175%: 125% in Palaemon serratus (Wear 1974) and by 135-159% in C. crangon (Oh and Hartnoll 2004) . In the Black Sea, the increase in egg volume was not so pronounced: only 36% in P. elegans and ca 30-33% in P. adspersus and C. crangon (Bilgin and Samsun 2006) .
In the present study the egg volume of P. elegans seems to have remained relatively high and was more than twice as large as in the same species inhabiting other areas, principally the Black Sea (Bilgin and Samsun 2006) (Table 3) . At the same time, there were differences in the volumes of eggs carried by females inhabiting different parts of the Polish coast, whereby the eggs in VL were larger. The egg volume of P. elegans from the Baltic was smaller compared to that in other palaemonid species producing fewer eggs, like Palaemonetes varians and Palaemon adspersus (Rasmussen 1973 , Berglund 1984 According to Steele and Steele (1975) and Kolding and Fenchel (1981) , the evolution of egg size assumes a fixed reproductive effort (so that the egg size times the egg number is constant). This is the case in P. elegans inhabiting different parts of the southern Baltic. Those individuals living in VL had a smaller number of larger eggs, but in PB the exact opposite was true. A similar strategy of producing fewer but larger eggs has been reported in other crustacean species in populations exposed to low salinities and/or low temperatures (e.g. Kolding and Fenchel 1981 , Maranhão et al. 2001 , Oh and Hartnoll 2004 . The same strategy is adopted by another non-native species, the amphipod Echinogammarus ischnus, although the majority of successful invaders produce large clutches of small eggs (Kley and Maier 2006, Bacela et al. 2009 ). Investing in larger eggs may give the offspring a better chance of survival, as larger eggs possess greater energy reserves (Steele and Steele 1975) . Moreover, larger eggs give rise to larger young, and thus the ability of juveniles to survive is often correlated with juvenile size (Thorson 1950) . This study showed that females of P. elegans from VD and VL not only produced larger eggs, but that their reproductive output was higher, even by as much as 29% in VD. It may well be that this considerable investment in offspring observed in waters of low salinity contributes to the subsequent slower growth rate, with prawns eventually growing to smaller sizes.
In summary, the reproductive strategy of females of P. elegans in the southern Baltic is to produce smaller numbers of larger eggs, which makes for efficient reproduction in this region. This feature, along with a considerable flexibility and opportunistic feeding in adults (Janas and Barańska 2008) and high tolerance of environmental factors like temperature and salinity (Janas and Spicer 2010) , has enabled this species to colonize the coastal waters of the southern Baltic rapidly on a very large scale. Year-on-year studies carried out in VL have shown that the density of these animals, initially not very great (2005) , has increased substantially (Ezhova 2009, Janas and Bruska 2010) . This species will very probably move on to colonize waters farther to the east and north, although an additional factor restricting this expansion may be the shorter and cooler summers there, since temperature has a significant influence on growth and reproduction in this species. collection of prawns, dr Katarzyna Bradtke for her assistance with the statistical analysis. Our thanks go to the divers Piotr Wysocki and Jarosław Samsel for the archival film material and information about the distribution of the prawn. This study was funded by research grant NN304 264934 from the Polish Ministry of Education and Science for the period 2008-2011. 
